Chromatographic techniques are among the most useful analytical methods. Gas and liquid chromatography were used in the analysis of some organic compounds: phenol, hydroquinone, benzoquinone, and maleic and fumaric acids. The analytical way for the determination of these compounds in water samples was investigated. Solid-phase extraction (SPE) technique was used on the sample preparation step, different divinylbenzene-based sorbents were applied. Calibration curves of given compounds were linear over the ranges: 50-500 μg/mL for phenol and its acetic derivatives, 50-1500 μg/mL for benzoquinone in GC analysis, and 50-250 μg/mL for phenol, 40-1000 μg/mL for hydroquinone, and 4-4500 μg/mL for carboxylic acids in HPLC analysis. The LOD and LOQ of proposed analytical procedure were in the ranges of LOD: 0.042-23.83 μg/mL; LOQ: 0.138-78.64 μg/mL.
Introduction
Phenol is a toxic compound, which very often appears in the industrial and municipal wastes. That is serious problem for the environment. There are many investigations striving for the scavenging, neutralization, and degradation of phenolic wastes and pollutants. Among the degradation techniques, the most popular are oxidation processes. There are catalytic oxidation, photodegradation, electrochemical oxidation, and degradation procedures using sonoelectrochemistry. These processes are widely described in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The main reaction route of the phenol oxidation is as follows: phenol → hydroquinone → benzoquinone → maleic acid and fumaric acid. The most desirable reaction way is the complete mineralization of phenol in which the endproducts are H 2 O and CO 2 . The oxidation can be stopped on different steps, so it is necessary to determine all products and byproducts of the reaction.
There are many analytical techniques used in the determination of phenol oxidation products and byproducts [10, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Chromatographic techniques are the most popular among analytical and separation methods. High performance liquid chromatography (HPLC) is very useful as water samples can be analyzed directly by this technique. However, not all compounds formed during oxidation of phenol and its derivatives can be precisely detected. The other technique useful in determination of phenol and its derivatives is gas chromatography (GC). In this technique the sample preparation step is considered essential, especially when water, medical, or environmental samples are analyzed. On these step extraction techniques, especially solid-phase extraction (SPE or SPME), is used, which is simple, relatively nonexpensive, and easy to proceed. Applying this technique makes a possibility of preconcentrating the sample, changing the solvent and cleaning the sample. Selection of proper analytical method and extraction conditions allows to achieve expected selectivity of the analytical procedure.
SPE technique is popular and practical separation method. The solid phase-sorbent-is the most important part of the extraction system. Polymeric sorbents are often used and their application is reported in various recently published papers [20] [21] [22] [23] . The extraction recovery depends mostly on sorbent properties. These materials being stable in narrow pH range, are capable to extract polar and/or nonpolar compounds. The modification of monomers with different functional groups could change the extraction properties of the final sorbent. Therefore, it is possible to choose the most appropriate polymeric sorbent for a given application. The chemical nature of these polymers is different. Porous divinylbenzene copolymers are often used as SPE sorbents [20, [24] [25] [26] [27] [28] . Conducting polymers, for example aniline-based poly-N-methylaniline or polydiphenylamine, have been also used for the preconcentration of phenolic compounds [29] [30] [31] .
The aim of this work was to investigate the analytical procedure for qualitative and quantitative determination of phenol, hydroquinone, benzoquinone, maleic, and fumaric acids in water samples combining GC, HPLC, and SPE techniques. We have used reversed-phase HPLC and capillary GC. The preconcentration of organic compounds from water solutions was accomplished with standard and nonstandard SPE sorbents. Comparison of standard styrene-divinylbenzene polymeric sorbents (SDB-1) and nonstandard divinylbenzene copolymers was made. Divinylbenzene copolymers with following monomers were used: 4,4 -bis(maleimido)diphenylmethane (BM), di(methacryloyloxymethyl)naphtalene (DMN), p,p -dihydroxydiphenylmethane diglycidyl methacrylic ester (MEMDE), and p,p -dihydroxydiphenylpropane diglycidyl methacrylic ester (MEDDE).
Experimental
2.1. Chemicals. Methanol p.a., acetic anhydride p.a., dichloromethane p.a., K 2 CO 3 anhydrous, pure and HCl pure were obtained from POCh (Gliwice, Poland). Chloroform p.a. was obtained from Merck (Darmstadt, Germany). Phenol (99%), hydroquinone (99%), benzoquinone (98%), maleic and fumaric acids (99%) were obtained from SigmaAldrich, Chimie GmbH (Steinheim, Germany).
Standard calibration solutions of phenol (0.5-2 mg/mL), hydroquinone (0.1-1 mg/mL), and benzoquinone (0.8-1.6 mg/mL) for GC analysis were prepared in dichloromethane. Standard calibration solutions of phenol (0.025-4.05 mg/mL), hydroquinone (0.031-5.0 mg/mL) and benzoquinone (0.05 * 10 −3 -1.5 mg/mL), and maleic acid (0.004-0.8 mg/mL) and fumaric acids (0.005-6.5 mg/mL) for HPLC analysis were prepared in water.
Model samples of phenol, hydroquinone, benzoquinone, and acids were prepared by diluting 2 mg of each compound in 25 mL of distilled (reversed osmotic) water. There were prepared separate samples for each examined compound and another one sample for all compounds together. HCl was used to adjust the pH of water samples in acidic range-to stabilize acids to stop the dissociation before HPLC analysis.
Phenol and hydroquinone are too polar for GC analysis on nonpolar capillary column and the derivatization process was made. Acetylation in water sample before extraction was performed. Compounds were dissolved in water samples, then 0.5 g of potassium carbonate (pH = 11) and afterwards 1 mL of acetic anhydride was added to the water sample and then the acetates were extracted with SPE. The extraction was carried out under alkaline conditions and phenol and hydroquinone are present in their dissociated forms what facilitates the acetylation process.
Equipment.
Qualitative and quantitative analyses were made on gas chromatograph HP 5890II, capillary column MXT-5 (Restek) 0.25 μm, 30 m × 0.28 mm, helium was used as carrier gas at flow rate 1.5 mL/min, and a head pressure of 150 kPa. Flame-ionization detector (FID) and split/splitless injector were used. Analyses were carried out in programmed temperature: the column temperature was held at initial temperature 60
• C for 2 min, then ramped at 10
• C/min to 125
• C, then at 70
• C/min to 250 • C where it was held for 5 min. Total analysis time was 15.30 min.
For HPLC analysis HP 1100 chromatograph was used, analysis were made in reversed phase: C18 column 250 × 4.6 mm ID (Restek) was used, acetonitrile were used as mobile phase at a flow rate 1 mL/min. UV-DAD detector was used for detection and identification of analytes. The column was thermostated during analysis at 45
• C, the analyses were carried out at isocratic condition.
SPE Procedure.
Five porous polymers-divinylbenzene copolymers-were used as SPE sorbents: Nonstandard polymeric materials: were synthesized by suspension copolymerization of 4,4 -bis(maleimido) diphenylmethane (BM) and divinylbenzene (DVB) and by combined suspension-emulsion copolymerization of divinylbenzene (DVB) with di(methacryloxymethyl)naphthalene (DMN), p,p -dihydroxydiphenylmethane diglycidyl methacrylic ester (MEMDE), p,p -dihydroxydiphenylpropane diglycidyl methacrylic ester (MEDDE). Synthesis of monomers (BM, DMN, MEMDE, and MEDDE) and the extraction properties of divinylbenzene copolymers were described earlier in the literature [28, 32, 33] .
New synthesized polymeric resins were placed into 8 mL glass cartridges, produced by J. T. Baker (Deventer, Holland, supplied by Witko, Łódź, Poland). Sorbents mass are given above.
SPE procedure was evaluated earlier [27] and consist of the following steps:
(i) conditioning of the sorbent; (ii) isolation of the analytes; (iii) elution step. Methanol and water were used as the conditioning solvents in each extraction experiment (each 10 mL); dichloromethane and acetonitrile were used as the eluents (3 mL and 5 mL).
Analytical Procedure.
The 2 mg/25 mL solutions were introduced on conditioned SPE sorbent, then sorbent was dried with the air and then sorbed compounds were eluted using 5 and 3 mL of organic solvents. The water sample after extraction was analyzed with HPLC while eluates were analyzed with GC. Water samples were derivatized before the extraction according to procedure described in Section 2.1. Water sample prepared without the derivatization step was analyzed simultaneously according the same analytical procedure.
Results and Discussion

Qualitative and Quantitative Analysis
Gas Chromatography (GC).
In all samples, separated analytes were identified by comparing their retention data with that of standards.
In GC technique quantitative analysis based on external standard method was applied. It was prepared for each compound in different concentration ranges: 0-500 μg/mL for phenol, 0-500 μg/mL for acetic derivatives of phenol, 0-1000 μg/mL for acetic derivatives of hydroquinone, and 0-1500 μg/mL for benzoquinone. Calibration curves are linear in given ranges of concentration (Table 1) . Correlation coefficients (R 2 ), determined for each compound are between 0.9976 for phenol acetic derivatives and 0.9998 for nonderivatised phenol and hydroquinone acetic derivatives. Values of correction factor determined for analyzed compounds are given in the Table 1 .
Liquid Chromatography (HPLC).
In HPLC technique quantitative analysis based on external standard method was applied. All standard solutions were made in acetonitrile. The calibration curve and correction factor was determined (Table 1) ; the linear range of the UV-DAD detector for each compound was determined. The analyses were made for 15 concentrations of the samples. Values of correlation coefficients (R 2 ) are between 0.9189 for hydroquinone and 0.9996 for benzoquinone. The determined linearity are in narrow range of concentration (0.2-200 μg/mL for benzoquinone, to 4-4500 μg/mL for maleic acid).
SPE Procedure.
Different polymeric sorbents were used for the extraction. The extraction recovery was determined for each compound and compared in different systems. For benzoquinone the effectiveness of using 3 and 5 mL of two eluents (dichloromethane and acetonitrile) was compared (Figures 1(a) and 1(b) ).
Recoveries achieved for different sorbents give similar trends: the best recovery is on SDB-1 sorbent (near 100%), then on DMN-DVB (60-80%) and BM-DVB (60-80%). Recoveries on MEDDE-DVB and MEMDE-DVB sorbents are low (close to 40%). Better results were achieved when 5 mL of dichloromethane was used as eluent. The water samples after SPE extraction were analyzed with HPLC for checking if there is any sorbents' breakthrough. The amounts of benzoquinone determined in the matrix after SPE (the post-SPE water sample) are presented in Figure 1(c) . It is possible to notice the following dependence: the high extraction recovery on a given sorbent is accompanied with low content of benzoquinone in the post-SPE water sample (SDB-1), while for low recovery higher amount of benzoquinone in post-SPE water sample (MEDDE-DVB, MEMDE-DVB) was determined. It means that the extraction of benzoquinone with the examined sorbents is not complete. It can result from small breakthrough volume of these sorbents. It was described in another article [34] .
Other compounds present in the mixture-phenol and hydroquinone-were derivatized with acetic anhydride before the extraction. Therefore, it was necessary to compare the recovery of benzoquinone from water samples contain acetic anhydride with previous results (without acetic anhydride) (Figure 2(a) ). The results show that the recovery in the presence of acetic anhydride are lower, and the amount of nonsorbed benzoquinone is higher (Figure 2(b) ). However, the differences observed for standard sorbent (SDB-1) are insignificant.
The same comparison was done for the extraction of benzoquinone from the mixture of all compounds (phenol, hydroquinone, and acids), and when there was only benzoquinone in water sample. The results are similar.
When the mixture was extracted there were no acids in the eluates, but nearly whole amount of acids was detected in the post-SPE water samples (70-80%). The extraction efficiency of water samples containing only acids was also examined. Maleic and fumaric acids were not retained on the polymeric sorbents or they were retained in very small amount, too small for the elution with dichloromethane and acetonitrile or the concentration of acids in the eluates was under detection limit. All amount of acids remained in water sample and it was determined using HPLC. The percentage of the initial content of each acid in original sample determined in post-SPE water samples is presented in Figure 3 . The extraction recovery of phenol and hydroquinone derivatives was described earlier [27] . On the basis of experiments the new analytical SPE/GC/HPLC procedure was established. This procedure is presented in Figure 4 .
The water sample containing the mixture of compounds (phenol, hydroquinone, benzoquinone, maleic acid, fumaric acid) was led to pH 11 with K 2 CO 3 , then acetic anhydride was added for derivatization of phenol and hydroquinone. After this reaction water sample was introduced to the SPE cartridge containing polymeric sorbent. Then the solid phase was dried with the air and sorbed compounds were eluted with 5 cm 3 of dichloromethane. Eluate was analysed with gas chromatography to determine phenol and hydroquinone acetic derivatives and benzoquinone desorbed from polymeric phase. Water sample after extraction was analysed with liquid chromatography to determine nonsorbed amount of benzoquinone and main part of maleic and fumaric acid. Results are given in Table 2 . The efficiency of complete SPE/GC/HPLC analytical procedure is expressed by recovery and standard deviation for each compound. The recovery achieved on given sorbents are high for all compounds 70% to 100%, only the recovery of hydroquinone acetic derivatives are lower than 50%.
Comparing the extraction properties of given sorbents, we can see that copolymers of DVB with diglycidyl metacrylic esters (MEDDE and MEMDE) are less efficient in the extraction of phenol and its oxidation products. It is connected with relationships between the recovery and physical and chemical properties of sorbents-surface area, particle size, pore size, pore volume, polarity, polymer structure (the length of chemical chains). These relationships were widely described in the article [28] . Copolymers: MEDDE-DVB and MEMDE-DVB are the most polar among tested sorbents, these sorbents have relatively large pore volume (0.33 cm 3 /g for MEDDE-DVB and 0.36 cm 3 /g for MEMDE-DVB) but small surface area (20 m 2 /g for MEDDE-DVB and 70 cm 2 /g for MEMDE-DVB, while these parameters for SDB-1 sorbent are 0.77 cm 3 /g and 966 cm 2 /g). The weak extraction properties of these sorbents for given compounds can be connected with the chemical structure of the polymer. There are long diglycidyl chains in the structure, which can indicate large pore size and low compounds' retention on these sorbents.
LOD and LOQ.
LOD value corresponds to a minimum detectable signal that can be detected from the fluctuations of the chromatographic background line. LOQ value corresponds to a concentration for which the repeatability of quantitative determination is below 5%. In GC analysis, LOD (minimum detectable signal) is equal to k times standard deviation which expressed the fluctuation of the background chromatographic line [35] . The value of k is 3. Limit of detection (LOD) and linear range in GC and HPLC analysis for individual compound were determined with standard solution, the values are given in the Table 1 . Now we can determine LOD and LOQ for established SPE/GC/HPLC analytical procedure. The LOD and LOQ values are given in the Table 3 . Each analysis was repeated five times (n = 5). LOD was calculated based on signal-to-noise ratio of 3. The most detectable compound is benzoquinone, it can be analyzed in the broadest concentration range, the LOD and LOQ have the lowest values (LOD = 0.043 μg/mL, LOQ = 0.138 μg/mL). The lower LOD and LOQ values are for phenol and hydroquinone acetic derivatives. The LOD 
Conclusion
Connection of chromatographic techniques increases the effectiveness of the analysis of the mixture of organic compounds. The use of SPE technique on the sample preparation step is suitable for good separation of phenol, hydroquinone, benzoquinone, and dicarboxylic acids (maleic and fumaric acid). This improves the quantitative analysis of these compounds. The derivatization process on the sample preparation step before the chromatographic analysis enables appropriate separation of compounds. The conversion of phenol and hydroquinone into less polar derivatives leads to better results of GC analysis-good separation and qualitative and quantitative analyses. The HPLC analysis is appropriate for the determination of compounds in water sample not extracted on the solid phase. In this way one can estimate the efficiency of SPE/GC analysis, it is possible to check if the isolation of examined compounds was complete.
Comparing the extraction properties of standard and nonstandard polymeric sorbents we can observe that copolymers of divinylbenzene with other monomers than styrene not improved the extraction properties. Comparison of the results given in Tables 2 and 3 shows that recoveries achieved on nonstandard polymeric sorbents (especially for BM-DVB and DMN-DVB) are close to that achieved by using SDB-1 and the repeatability is satisfactory.
The investigated SPE/GC/HPLC procedure is efficient for the examination of mixtures of compounds described in this work, what has been proved by LOD and LOQ values. It can be used in the broad concentration range.
